1. Introduction {#sec0005}
===============

Anxiety disorders are the most common form of psychopathology and often cause chronic impairment across the lifespan ([@bib0210]). A substantial amount of research suggests both adults and children are affected by clinical anxiety, and that adult anxiety most commonly begins early in development ([@bib0030], [@bib0265], [@bib0395], [@bib0510]). In light of the fact that anxiety disorders tend to begin early in life and often result in chronic impairment, characterizing developmental pathways that lead to anxious versus healthy trajectories may improve prevention and intervention strategies.

In an effort to map healthy versus anxious trajectories, research has begun examining the development of core neural systems that underlie clinical anxiety ([@bib0400]). Identifying neural biomarkers that co-occur with anxiety, as well as those that precede the onset of anxiety, may enhance our understanding of the etiopathogenesis of clinical anxiety, in addition to improving our ability to implement preventative strategies − before symptoms become impairing. Recent evidence suggests that treatment earlier in the course of the development of anxiety disorders results in better long-term functioning ([@bib0300]) − therefore, early identification may be particularly important to improve our ability to implement preventative strategies. Additionally, identifying early biomarkers of risk may provide novel targets of treatment for cognitive, behavioral, or pharmacological approaches.

A substantial amount of work has focused on the error-related negativity as a biomarker of anxiety in adults ([@bib0370]). The ERN is a sharp negative-going peak in the event-related potential waveform at fronto-central sites and is elicited when people make errors of commission on simple laboratory-based reaction time tasks[1](#fn0005){ref-type="fn"} (see [Fig. 1](#fig0005){ref-type="fig"}). The ERN has been shown to be increased in anxious adult populations in over 40 studies to date ([@bib0380]). Disorders characterized by anxious apprehension (i.e., cognitive symptoms of anxiety) as opposed to anxious arousal (i.e., acute fear response) seem to be particularly related to an increased ERN − e.g., obsessive-compulsive disorder (OCD; [@bib0145], [@bib0160], [@bib0500]) and generalized anxiety disorder (GAD; [@bib0490], [@bib0495], [@bib0485], [@bib0515]). Two recent reviews suggest that the ERN's relationship to anxiety is robust ([@bib0095], [@bib0380]), finding an overall effect size of approximately *r* = 0.35. However, both of these reviews focus on adult populations. Despite the importance of utilizing neural markers to characterize *early* developmental trajectories, and evidence that there are important changes in the ERN and its relationship with anxiety across development ([@bib0130], [@bib0315], [@bib0445]), no previous review has focused on this issue in children and adolescents. The object of the current review is to consolidate previous work on the ERN and anxiety within a developmental theoretical framework focusing on the normative shift in fear and anxiety that occurs during the transition from childhood to adolescence − and to delineate normative versus clinical trajectories of anxiety.Fig. 1Response-locked ERP waveforms at FCz during a flankers task in 150 females between the ages of 8 and 14 years old. On the right, a topographical map depicting the difference between error and correct responses in the time range of the ERN (0--100 ms).Fig. 1

1.1. The ERN in the context of a developmental framework {#sec0010}
--------------------------------------------------------

The ERN is thought to be generated in the anterior cingulate cortex (ACC), a region of the brain where information about pain, threat, and punishment is integrated to change behavior ([@bib0435]). We have conceptualized errors as a specific type of threat − indeed, errors do prompt a cascade of physiological responses consistent with defensive responding (e.g., skin conductance response, heart rate deceleration, potentiated startle reflex, pupil dilation, corrugator muscle contraction; [@bib0490], [@bib0495]). Unlike many other aversive stimuli, errors are self-generated. Therefore, we view variability in the ERN to reflect the degree to which *internally* generated threat (i.e., errors) is experienced as aversive and salient to an individual. This is consistent with work linking the ERN to increased monitoring of one's own behavior ([@bib0505]).

Recent models advocate the importance of considering developmental changes in the neural mechanisms underlying three core systems: 1.) reward/approach, 2.) harm-avoidance, and 3.) regulation ([@bib0090], [@bib0150]). While these models do emphasize development changes in harm-avoidance and fear, they treat this construct as a unitary phenomenon. However, a wealth of evidence suggests that as children grow older, anxiety tends to transition from fear of external threat (e.g., the dark, animals, insects, weather) to self-conscious shyness and worry about behavioral competence and social evaluation (i.e., internal threat) ([@bib0110], [@bib0120], [@bib0175], [@bib0440], [@bib0465]). These findings suggest that fearfulness may not unilaterally increase or decrease during development, but rather change its manifestation across time.

In the current review, we review the ERN using a developmental framework related to this phenomenological shift in normative fear. Considering that the ERN may index a particular type of threat sensitivity, this neural marker may be useful in tracing the changing manifestations of anxiety across development. The ERN may be useful in tracking this normative developmental shift from external to internal threat sensitivity that we hypothesize occurs between the ages of 7--9 years old. Additionally, the ERN may also differentially track *clinical* anxiety early in development.

1.2. An alternative perspective: the ERN and cognitive control {#sec0015}
--------------------------------------------------------------

It should also be noted that an alternative view suggests that the ERN indexes individual variation in cognitive control ([@bib0380]). From this perspective, the increased ERN magnitude observed in anxious individuals is thought to reflect decreased or inefficient cognitive control due to worry. One implication of this model is that individuals low in cognitive control should be characterized by an increased ERN. However, there is some evidence that individuals low in working memory are characterized by a *decreased* ERN ([@bib0105], [@bib0375]). In fact, two studies suggests that increasing working-memory load *reduces* the ERN ([@bib0215], [@bib0295]) − which is opposite of what this model would predict. To date, there are no studies examining the relationship between individual differences in the ERN, cognitive control, and anxiety. Given the paucity of work in this area, the current review focuses on a developmental framework related to fear and anxiety and does not examine cognitive control. Future work should examine whether deficits in cognitive control mediate the relationship between the ERN and anxiety.

1.3. Stability and change in the ERN across development {#sec0020}
-------------------------------------------------------

A critical, yet often ignored, requirement for the study of individual differences is the examination of the psychometric properties of neural measures. This is particularly important in developmental work insofar as psychometric properties could account for developmental effects (i.e., apparent age-related differences in ERN might reflect psychometric changes). Psychometric work on the ERN has recently been extended from adults to children and adolescents, finding reasonable trait-like stability in the ERN ([@bib0405], [@bib0430]). Specifically, we have examined the reliability and stability of the ERN in children and adolescents initially aged 8--13 years-old, over the course of two years ([@bib0330], [@bib0335]). These data suggest impressive test-retest reliability (Cronbach's alpha = 0.51) across time and good internal consistency. Specifically, the internal consistency of the ERN at both assessments exceeded 0.80, suggesting that this component has high internal consistency across different stages of development. And further, within adolescents, the ERN elicited by two different tasks (flankers and Go/no-go) were moderately correlated (*r* = 0.47) indicating convergent validity of the ERN. Taken together, these data suggest that the ERN is a reliable and stable measure of error processing in children and adolescents.

While the ERN has been found to be a psychometrically sound measure in children and adolescents, important changes in error-processing occur across development ([@bib0445]). For example, test-retest reliability can be high if the entire sample is changing at the same rate. Indeed, using a letter flanker task in a large sample between the ages of 7 and 18 years old, [@bib0130] observed an increase in ERN magnitude across development. Additionally, they observed a quadratic relationship between ERN and age, with an initial dip in ERN amplitude around the time of pubertal onset, and subsequent rise until reaching adult-like levels around age 18. Furthermore, [@bib0130] observed an interaction between this trajectory and gender, indicating that the ERN began to increase sooner for girls than for boys − suggesting a link to pubertal onset. Other work from this same group has suggested that children and adolescents (between the ages of 10 and 16) displayed a reduced ERN compared to adults ([@bib0420]). Since then, fourteen studies have found an increasing ERN across development (for a review, see: [@bib0445]).

In developmental populations, studies utilizing source-localization suggest the ERN may be generated in the dorsal ACC or posterior cingulate cortex (PCC; [@bib0080], [@bib0230], [@bib0420]).[2](#fn0010){ref-type="fn"} Consistent with findings suggesting the ERN increases with age, diffusion tensor imaging (DTI) studies have found that the cingulum bundle (a white matter tract that underlies the ACC) matures later than most of the other tracts ([@bib0270], [@bib0275]). Further, one resting state functional connectivity study suggests that in children, the dorsal ACC is relatively disconnected from a cinguloopercular control network that has previously been identified in adults ([@bib0155]). Additionally, an fMRI study including participants between the ages of 8 and 27 years old found that error-related dorsal ACC activity increased with age ([@bib0470]) and recent work suggests that additional error-related activity within the insula, orbiotofrontal cortex, and inferior frontal gyrus increased with age as well ([@bib0080]). Collectively, these studies suggest that error-related neural activity undergoes normative changes across development. Considering these changes, it is important to explore this biomarker at different developmental stages in relation to anxiety.

1.4. The ERN in children and adolescents with anxiety disorders {#sec0025}
---------------------------------------------------------------

Although the ERN does increase with age, it can be measured early in development ([@bib0450]). We identified seven studies that examined the magnitude of the ERN in children and adolescents with *clinical* anxiety disorders measured via diagnostic interviews (see [Table 1](#tbl0005){ref-type="table"}; [@bib0085], [@bib0180], [@bib0190], [@bib0220], [@bib0225], [@bib0345], [@bib0350], [@bib0355], [@bib0320], [@bib0325]).[3](#fn0015){ref-type="fn"} Similar to studies in adult populations, these studies universally found that the ERN is increased in clinically anxious children. Three of the studies examined the ERN in children with OCD ([@bib0085], [@bib0180], [@bib0190]), one study focused on children and adolescents with GAD and social anxiety disorder ([@bib0220]), and the other three examined a heterogeneous sample of children with pediatric anxiety disorders ([@bib0225], [@bib0345], [@bib0350], [@bib0355], [@bib0320], [@bib0325]). An increased ERN appears to be associated with clinical OCD ([@bib0085], [@bib0180], [@bib0190]) and social anxiety disorder ([@bib0220]) in young individuals; however, the specificity of an enhanced ERN to any other anxiety disorder is unclear. Due to the limited amount of children with any one type of anxiety disorder in the other three studies, it was impossible to examine specificity. Future studies could explore to what extent the ERN may be related to specific disorders in developmental populations.Table 1Includes studies that examined the error-related negativity (ERN) in relation to anxiety disorders (top) and anxiety symptoms (bottom) in children and adolescent populations. Information included in table columns: first author and year of publication, task used to measure the ERN, questionnaire or interview used to measure anxiety, age range of participants, main findings regarding the ERN and development, main finding regarding the ERN and anxiety.Table 1TaskSample (*N*)Anxiety MeasureAgeDevelopmental AnalysesResultsAnxiety Disorders:[@bib0085]Arrow flanker40 OCDK-SADS-PL10--17 yrs↑ERN = ↑Age↑ERN in Pediatric OCD40 HCIn patients: ERN ≠ symptomsIn controls: ↑ERN = ↑OCD symptoms[@bib0180]Simon18 OCDY-BOCS8--17 yrs↑ERN = ↑Age↑ERN in Pediatric OCD18 HCERN ≠ symptoms[@bib0190]Arrow flanker44 OCDK-SADS-PL10--19 yrsIn controls: ↑ERN = ↑Age↑ERN in Pediatric OCD44 HCIn patients: ERN ≠ AgeERN ≠ symptomsLadouceuer et al. (2006)Arrow flanker12 ANXK-SADS-PL, SCARED8--14 yrsnone↑ERN in Pediatric Anxiety Disorders13 HCERN ≠ symptoms[@bib0320]Go/no-go48 ANXPAPA6 yrs↑ERN = ↑Age↑ERN in Pediatric Anxiety Disorders48 HCMeyer et al. (2017)Arrow flanker25 ANXK-SADS-PL9 yrsNone↑ERN in Pediatric Anxiety Disorders130 HC[@bib0220]Arrow flanker35 HCK-SADS-PL8--26yrs↑ERN = ↑Age↑ERN in Social Anxiety Disorders18 SADNo ERN difference in GAD20 GAD  Anxiety Symptoms:[@bib0315]Arrow flanker55Parent SCARED8--13 yrsERN x Age = Anxiety symptomsOlder children: ↑ERN = ↑ anxiety symptomsYounger children: ↓ERN = ↑ anxiety symptoms[@bib0425]Letter flanker37CBCL − OC10 yrsNone↑ERN = ↑ OC anxiety symptoms[@bib0505]Arrow flanker515IDAS − checking13--15 yrsERN x Age = Checking symptomsOlder children: ↑ERN = ↑ checking symptoms(specific to anxiety and not depression)[@bib0055]Arrow flanker25Parent SCARED11--13 yrsNone↑ERN = ↑ anxiety symptoms(specific to anxiety and not depression)[@bib0285]Go/no-go139Parent RCADS5--8 yrsNo relationship between age and ERN↓ERN = ↑ separation anxiety symptoms

It is important to note that while the ERN was increased in clinically anxious children, dimensional anxiety symptoms were unrelated to the ERN magnitude *in all six of these studies*. Additionally, in [@bib0085], results suggested that among children and adolescents, the ERN magnitude was related to OCD symptoms in individuals without clinical OCD, but among children in the clinical range, symptom severity *did not* relate to the ERN.

While the majority of these studies were completed in middle to late childhood and adolescence (between the ages of 8 and 17 yrs), one study did find that young children (6 yrs old) with anxiety disorders were characterized by an increased ERN (Meyer, 2013). This finding suggests that the ERN may be a useful neural marker of clinical anxiety early in development. Future studies should examine the ERN in even younger clinically anxious children. And, while some studies did include developmental analyses; none of the studies examined whether the strength of the relationship between the ERN and clinical anxiety changed across development. It will be important for future research to explore whether the ERN is a better marker of clinical anxiety at different stages of development.

Consistent with the developmental studies discussed above, four of the studies listed in [Table 1](#tbl0005){ref-type="table"} found that the magnitude of the ERN increased with age across the entire sample ([@bib0085], [@bib0180], [@bib0190], [@bib0320], [@bib0325]). Only one study examined whether the developmental increase in the ERN varied by diagnostic status − finding that the ERN increased with age in controls, but not patients with OCD ([@bib0190]). Future studies in clinical populations should explore the possibility that the ERN has pre-maturely undergone developmental changes and reached "adult-like" magnitude early in the course of development.

It is also notable that the ERN was found to be increased in clinically anxious children using a variety of tasks to measure the ERN. Results were similar using an arrow flanker ([@bib0085], [@bib0190], [@bib0225], [@bib0360]), Simon ([@bib0180]), and Go/no-go task ([@bib0320], [@bib0325]), and after controlling for accuracy ([@bib0085], [@bib0190], [@bib0320], [@bib0325]). Additionally, the magnitude of the ERN increased with age when using an arrow flanker, Simon, and Go/no-go task as well. These results suggest that the ERN/clinical anxiety and ERN/development relationship is robust in children, regardless of the task used to elicit mistakes. However, it should be noted that some studies do not control for behavior (reaction time or accuracy) when examining the ERN/anxiety relationship and no study has formally evaluated the possibility of task-related or performance-related differences underlying the ERN/anxiety or ERN/development relationship in children and adolescents.

1.5. The ERN and anxiety symptoms in children and adolescents {#sec0030}
-------------------------------------------------------------

We identified five studies that examined the relationship between anxiety symptoms and the ERN in *non-clinical* developmental populations (see [Table 1](#tbl0005){ref-type="table"}; [@bib0055], [@bib0285], [@bib0315], [@bib0425], [@bib0505]).[4](#fn0020){ref-type="fn"} These studies examined the ERN/anxiety relationship amongst children and adolescents between the ages of 5 and 15 years old who did not have any anxiety disorder. Two of these studies found that increased anxiety symptoms related to an increased ERN magnitude in late childhood (between the ages of 10 and 13 years old; [@bib0055], [@bib0425]). One study specifically explored the relationship between the ERN and obsessive-compulsive symptoms derived from the CBCL ([@bib0425]) and the other study examined an overall anxiety symptoms score derived from the SCARED ([@bib0055]).

Two of the four studies examined the influence of development on the ERN/anxiety relationship ([@bib0315], [@bib0505]). In a developmental sample spanning the ages of 8--13, Meyer et al. found that the relationship between the ERN and anxiety symptoms changed across development ([@bib0315]). Among older children, a larger ERN was related to increased anxiety symptoms. Although the relationship was only significant at a trend level, in younger children, increased anxiety symptoms were related to a *blunted* ERN. Additionally, [@bib0285] found that young children (between the ages of 5 and 8 years old), characterized by increased separation anxiety symptoms, displayed an attenuated ERN.

Additionally, in a sample of adolescent females, we found a similar pattern ([@bib0505]). Results suggested that the relationship between the ERN and anxiety symptoms (checking behavior specifically) changed across development: amongst older girls, a larger ERN was related to anxiety symptoms; however, this relationship was not significant among younger girls. Collectively, these studies suggest that the strength of the relationship between normative variation in anxiety symptoms and the ERN may increase in magnitude as children age.

We have begun to conceptualize this pattern in relation to work on normative developmental changes in anxiety. As children grow older, anxiety tends to transition from fear of concrete, external threat to more abstract, self-conscious shyness and worry about behavioral competence and social evaluation ([@bib0175]). In this way, younger children with increased levels of normative anxiety are characterized by anxious arousal (i.e., fear) and concern with external threat. These children may be more preoccupied by the lab environment (e.g., the dark room, the experimenter, separation from the parent) than their performance on the task, and thereby display a decreased ERN. However, older children characterized by increased levels of normative anxiety may have begun to be concerned with social evaluation and behavioral competence − and thereby display an increased response to errors.

For illustration purposes, [Fig. 2](#fig0010){ref-type="fig"} depicts a model wherein the relationship between the ERN and anxiety changes within individuals during the transition between early and later childhood. In this model, as fears related to performance increase among children characterized by normative anxiety, an increase in the ERN is observed. However, among children low in anxiety, no developmental increases in the ERN is are expected to occur.Fig. 2Model depicting the theoretical moderation of trait anxiety on the relationship between the ERN and age during the transition between early and late childhood. Based on studies in the current review, we expect that increased anxiety symptoms within the normative range will relate to a decreased ERN in early childhood, when children tend to be more fearful of external stimuli (e.g., the dark), and that increased anxiety symptoms within the normative range will relate to an *increased* ERN in later childhood, when children tend to be more fearful of internally generated stimuli (e.g., their performance on a task). Based on studies in the current review, this pattern of results has been observed both between and within-subjects, suggesting that being high in trait anxiety may result in a significant increase in ERN magnitude from early to late childhood. Additionally, this model puts forth the proposition that children with clinical levels of anxiety will display an increases ERN regardless of developmental stage.Fig. 2

Additionally, in this model, children characterized by *clinical* levels of anxiety, display an increased ERN at all developmental time points. Using this developmental framework, children with clinical anxiety do not undergo the normative developmental increases in the ERN or anxiety symptoms; rather, they may have already undergone these changes, achieving adult-like levels prematurely. This is consistent with the findings previously discussed wherein young children characterized by clinical levels of anxiety display an increased ERN. Moreover, dimensional anxiety symptoms do not relate to the ERN magnitude in clinical populations and in one study, developmental increases in the ERN were not observed in children with clinical diagnoses ([@bib0190]).

Although further work is still needed to clarify these trajectories, it is clear that the relationship between the ERN and normative variability in anxiety may differ across development. In light of the potential utility of using the ERN as a neurobehavioral risk marker to predict the onset and course of anxiety, it is important to further characterize the relationship between normative levels of anxiety and error processing in children and adolescents while simultaneously considering the potential moderating role of development.

Two of the studies included examine the specificity of the relationship between the ERN and anxiety symptoms. For example, [@bib0055] found that the ERN related to anxiety, but not depression symptoms in children and adolescents. In a study by [@bib0505], results suggested that within the same individuals, while anxiety symptoms related to an increased ERN, depression symptoms related to a blunted ERN. In this study, the relationship between the ERN and depression symptoms was not moderated by age. This is consistent with other work suggesting that the ERN is decreased in children with major depressive disorder ([@bib0235]), and in children at risk for depression (i.e., children with a maternal history of chronic depression; [@bib0345], [@bib0350], [@bib0355]). Taken together, these results suggest that an increased ERN may be a biomarker for anxiety, a relatively decreased ERN may be a biomarker for depression.

Furthermore, findings from [@bib0505] suggested that an increased ERN was specifically related to the IDAS anxiety symptom scale indexing checking symptoms, even when controlling for all other anxiety symptom scales. Checking reflects the tendency to engage in self-monitoring of one's own behavior to reduce anxiety (e.g., repeatedly checking to make sure one turned off the light). It light of these findings, it appears that the ERN is specific to anxiety versus depression, and can also be linked to a well-defined transdiagnostic construct with behavioral and clinical significance (i.e., checking).

1.6. The ERN and child temperament {#sec0035}
----------------------------------

In this context, temperament is used to refer to early-emerging patterns of the expression of emotion and behavior that are thought to be relatively stable across time, and rooted in biological systems. We identified six studies that examined the relationship between the ERN and temperament (see [Table 2](#tbl0010){ref-type="table"}; [@bib0065], [@bib0245], [@bib0305]; Meyer, Hajcak et al., Under Review; [@bib0385], [@bib0455]). These studies focused on temperamental fear and behavioral inhibition. Behavioral inhibition is defined by wariness, fear, and low exploration in novel situations and is thought to predict anxious trajectories ([@bib0200]) and temperamental fear is defined by stable and consistent expression of fear in multiple contexts ([@bib0165]). In the majority of these studies, child temperament was measured relatively early in development (between 1 and 3 years of age) through laboratory observational measures, and the ERN was measured at various developmental stages.Table 2Includes studies that examined the error-related negativity (ERN) in relation to temperament (fear or behavioral inhibition) in children and adolescent populations. Information included in table columns: first author and year of publication, task used to measure the ERN, questionnaire, interview, or lab-based assessment used to measure anxiety or temperament, age range of participants, main findings regarding the ERN and development, main finding regarding the ERN and temperament.Table 2TaskSample (*N*)Anxiety MeasureAgeDevelopmental AnalysesResultsTemperament:[@bib0305]Letter flanker113BI, K-SADS-PLBI = 14 and 24  months, 4 and 7 yrs, ERN = 15 yrs↑early BI = ↑ adolescent ERNBI x ERN = adolescent Anxiety Disorderswithin-subjects[@bib0245]Fish flanker task291BI, K-SADS-PLBI = 24 and 36  months, ERN = 7 yrs↑early BI = ↑ child ERNBI x ERN = Social Phobia Disorderwithin-subjects[@bib0455]Go/No-Go413Temperamental FearFear = 3 yrs, ERN = 6 yrs↑early Fear = ↓ Age 6 ERN↑early Fear = ↓ Age 6 ERN, independent of maternal history of anxiety[@bib0365]Go/No-Go, Arrow flanker271Temperamental FearFear = 3 yrs, ERN = 6 and 9 yrs↑early Fear = ↓ Age 6 ERN↑early Fear children characterized by developmental trajectory: ↓ERN to ↑ERN↑early Fear = ↑Age 9 ERNwithin-subjects[@bib0385]Fish flanker task13Temperamental Fear5--6 yrsnone↑ Fear = ↓ ERNBrooker et al. (2014)modified flanker task (ANT)41Temperamental FearFear = 2 yrs, ERN = 4 yrsnoneERN was only observed in ↑ fear group

The pattern of results from studies focusing on temperament are consistent with the findings discussed above regarding anxiety symptoms. Early behavioral inhibition and temperamental fear are related to an increased ERN in older children and adolescents. For example, [@bib0305] found that behavioral inhibition measured at 14 and 24 months and 4 and 7 years related to an increased ERN when participants were 15 years of age. Similarly, [@bib0245] found that behavioral inhibition assessed at 24 and 36 months of age related to an increased ERN when children were 7 years old. Consistent with these findings, we found that temperamental fear assessed at 3 years of age related to an increased ERN when children were 9 years old (Meyer, Hajcak et al., Under Review). Taken together, these prospective-longitudinal studies suggest that toddlers characterized by increased behavioral inhibition or temperamental fear are more likely to be characterized by an increased ERN magnitude in middle to late childhood and adolescence.

Consistent with the pattern observed regarding child anxiety symptoms, the relationship between child temperament and the ERN appears to shift during development. First reported in [@bib0455], temperamental fear measured at age 3 related to a *decreased* ERN when measured in young children (6 years old). In a follow-up study, we examined the ERN in this sample of children three years later (Meyer, Hajcak et al., Under Review). Indeed, the same children characterized by high temperamental fear who had a decreased ERN at the age 6 assessment were characterized by an *increased* ERN at the age 9 assessment. This study extended previous work by investigating the developmental trajectory of the ERN/fear relationship *within-subjects*.

Moreover, another study examining temperamental fear and child ERN magnitude in this same age range (5--6 years old) replicated this pattern of results ([@bib0385]). Children characterized by high fear (assessed via behavioral observations in the lab) also displayed a blunted ERN. We have conceptualized this developmental shift in the same manner as discussed above in relation to anxiety symptoms. Children characterized by increased temperamental fear are more likely to be afraid of external stimuli (e.g., the dark room during the lab visit, being separated from their parent, etc.) during early childhood and may therefore be less invested in their behavioral performance consequences during the ERN assessment. As these children grow older, their fears may become increasingly linked to behavioral performance and thereby relate to an increased ERN.

1.7. The ERN: predicting the onset of anxiety {#sec0040}
---------------------------------------------

In addition to being able to index current disease state, a neural biomarker may also be useful in detecting who is *at risk* for developing clinical anxiety. Identifying neural biomarkers that not only correlate with anxiety, but can predict the subsequent onset of anxiety disorders across development is critical to furthering our understanding of the etiopathogenesis of anxiety, as well as for increasing the efficacy of early intervention strategies. We identified four studies that examine the extent to which the ERN can predict the onset of anxiety disorders in children and adolescents (see [Table 3](#tbl0015){ref-type="table"}; [@bib0245], [@bib0305], [@bib0345], [@bib0350], [@bib0355]).Table 3Includes studies that examined the error-related negativity (ERN) in relation to prediction of anxiety disorders (top) and other risk factors of anxiety (bottom) in children and adolescent populations. Information included in table columns: first author and year of publication, task used to measure the ERN, questionnaire or interview used to measure anxiety, age range of participants, main findings regarding the ERN and development, main finding regarding the ERN and anxiety. \*\* denotes that these studies were previously included in Tables 1 and 2.Table 3TaskSample (*N*)Anxiety MeasureAgeDevelopmental AnalysesResultsPrediction:[@bib0340]Go/No-Go236 TotalK-SADS-PL; CBCLERN = 6yrs, Anxiety Disorders = 9yrs↑ Age 6 ERN = ↑ Anxiety Disorders at Age 9↑ Age 6 ERN = ↑ Anxiety Disorders at Age 9, even when controlling for baseline anxiety symptoms and maternal history of anxiety26 ANX\*\*[@bib0305]Letter flanker113BI, K-SADS-PLBI = 14 and 24 months, 4 and 7 yrs, ERN = 15yrs↑early BI = ↑ adolescent ERNBI x ERN = adolescent Anxiety Disorderswithin-subjects\*\*[@bib0245]Fish flanker task291BI, K-SADS-PLBI = 24 and 36 months, ERN = 7 yrs↑early BI = ↑ child ERNBI x ERN = Social Phobia Disorderwithin-subjectsMeyer et al. (2017)Go/No-Go223CBCLFear = 3 yrs, ERN = 6 yrs, Anxiety symptoms = 9 yrs old↑ Age 6 ERN x Age 3 Fear x Hurricane stressors = ↑ in post-hurricane anxiety symptoms↑ Age 6 ERN = increased vulnerability to hurricane-related increases in anxiety symptomsAssociations with other risk factors:\*\*[@bib0085]Arrow flanker40 HCK-SADS-PL10--17 yrs↑ERN = ↑Age↑ERN in healthy siblings of children with OCD19 siblings\*\*Meyer et al. (2017)Arrow flanker155K-SADS-PL; fear-potentiated startle9 yrsNone↑ERN = ↑ fear-potentiated startle[@bib0195]Arrow flanker54BIS, startle habituation8--14 yrs↑ERN = ↑pubertal status↑ERN = ↓ startle habituation to CS+↑ERN = ↑ BIS\*\*[@bib0455]Go/No-Go413 TotalMaternal History of Anxiety6 yrs↑ERN = ↑AgeMaternal Anxiety = ↓ERN in child\*\*[@bib0180]Simon18 OCDY-BOCS8--17 yrs↑ERN = ↑Age↑ERN in children who no longer met criteria for OCD (post treatment)18 HC[@bib0280]Go/No-Go and fish flanker task90Startle, resting parietal asymmetry3--7 yrs↑ERN = ↑Age↓ERN = ↑ startle↓ERN = ↑ alpha asymmetry

Results were consistent across all four studies: an increased ERN early in life related to an increased risk for anxiety disorders later in development. One study found that an increased ERN magnitude predicted the onset of new anxiety disorders while controlling for baseline anxiety symptoms, as well as maternal history of anxiety ([@bib0340]). In this study, the ERN was measured in healthy children when they were 6 years old and anxiety disorders were assessed three years later via diagnostic interview with the parent and child, when children were 9 years old ([@bib0340]). Consistent with the developmental model previously discussed (see [Fig. 2](#fig0010){ref-type="fig"}), children with a current anxiety disorder or children who will go on to develop one, are characterized by an early-emerging increased ERN.

Two studies examined the interaction of early behavioral inhibition and the ERN magnitude in predicting anxiety disorders later in development ([@bib0245], [@bib0305]). [@bib0305] found that ERN magnitude moderated the association between early behavioral inhibition and adolescent anxiety disorders, such that children high in behavioral inhibition and characterized by an increased ERN were particularly vulnerable to the onset of anxiety disorders in adolescence. It should be noted, that in this study, the ERN and anxiety disorders were measured at the same time point. Similarly, in a study by [@bib0245], the association between early behavioral inhibition and middle childhood anxiety disorders (9 years old) was moderated by ERN magnitude (measured at Age 7), such that children high in behavioral inhibition and characterized by an enhanced ERN were more likely to experience social phobia. While some children high in behavioral inhibition will go on to develop anxiety disorders, most will not ([@bib0075], [@bib0240]). These studies suggest that the ERN may be useful in delineating clinical from non-clinical trajectories amongst children high in behavioral inhibition, thereby facilitating early identification and intervention efforts.

A recent study extended these findings by examining the interaction between the ERN and temperamental fear in predicting *stress-mediated* increases in anxiety symptoms following a natural disaster (i.e., Hurrican Sandy; [@bib0345], [@bib0350], [@bib0355]). Results suggested that children who were high in fear at age 3 and experienced increased hurricane stressors were characterized by a subsequent increase in anxiety symptoms − but only when they were also characterized by an increased ERN at age 6*.* This pattern of results is consistent with previous work finding that early temperament and the ERN interact to predict risk for anxiety. Additionally, these findings support a diathesis-stress model, suggesting that the combination of early temperamental fear and an increased ERN together elevate the risk for increases in anxiety following environmental stress.

One prediction that follows from the developmental model put forth in this review (see [Fig. 2](#fig0010){ref-type="fig"}) would be that young children characterized by increased fear *and a large ERN* would be particularly at risk for clinical anxiety − given that normatively anxious young children are characterized by a decreased ERN. Results from the studies discussed above support this notion − early temperamental fear or behavioral inhibition interact with the ERN to predict risk for anxiety later in development.

1.8. The ERN and other risk factors for anxiety {#sec0045}
-----------------------------------------------

Given that the ERN has been proposed as an index of threat sensitivity and is thought to index risk for anxiety disorders, it is important to examine the ERN in relation to other risk factors in children and adolescents. We identified six such studies-- and risk factors ranged from heredity to aversive startle potentiation ([@bib0085], [@bib0180], [@bib0195], [@bib0280], [@bib0455]). The majority of these studies found that increased ERN magnitude related to risk for anxiety.

Two studies examined the ERN in children at risk for OCD ([@bib0085], [@bib0180]) − finding evidence for an association between risk and an increased ERN in children. For example, in a sample of children and adolescents between the ages of 10 and 17 years old, the ERN was found to be increased in healthy, unaffected siblings of children with OCD ([@bib0085]). Additionally, a study by [@bib0180] found evidence for an increased ERN in children *after* successful treatment for OCD. These children continued to display an increased ERN, even though their symptoms no longer met diagnostic criteria for OCD. Together, these studies suggest that children at risk for OCD may be characterized by an increased ERN.

Three studies found that the ERN related to altered startle responding in children and adolescents ([@bib0195], [@bib0285], [@bib0345], [@bib0350], [@bib0355]). The human startle response is a widely studied and well-validated measure of defensive activation ([@bib0260], [@bib0250]) and can be measured in humans by the magnitude of eye muscle contraction in response to a loud acoustic probe. Many studies suggest that the magnitude of the startle response is potentiated when participants are viewing threatening stimuli ([@bib0050], [@bib0255]). In [@bib0355], 9-year-old children characterized by a large ERN also exhibited greater potentiation of the startle response while viewing unpleasant images, but not while viewing neutral or pleasant images. These results suggest that aversive potentiation of the startle reflex and the ERN magnitude may index overlapping individual variation in threat sensitivity in children.

The second study examined startle habituation during a fear-learning task in relation to the ERN magnitude ([@bib0195]). In a group of females between the ages of 8 and 14 years old, participants completed a learning task wherein faces were paired with an aversive scream. During this task, startle probes were administered to measure threat reactivity and as expected, startle responding was potentiated to the faces paired with the scream (CS + ) and habituated across the task. An increased ERN magnitude related to decreased startle habituation to the CS+ and also to an increased score on a self-report measure of the behavioral inhibition system − both risk factors for anxiety disorders ([@bib0015], [@bib0460]). However, it should be noted that Lo et al., found that the ERN related to a *smaller* startle response in a sample of 3--7 year old children ([@bib0280]). In this study, the negative condition startle magnitude was not calculated relative to an ITI or the positive condition − so interpretation of these findings are difficult. Taken together, results from studies that integrate startle reactivity and the ERN in children and adolescents suggest that the magnitude of the ERN may track defensive reactivity as indexed by the startle response. Future studies should explore to what extent using these measures in conjunction may increase our ability to identify and predict anxious developmental trajectories.

One study suggested that maternal history of anxiety related to a *blunted* ERN in young children ([@bib0455]). Consistent with the developmental pattern discussed previously, it is possible that anxious or anxiety-prone *young* children (these children were 6 years old) may not yet be characterized by increased concern regarding their own behavior and may therefore display decreased response monitoring due to fears related to external stimuli in the testing environment. Future studies could explore this possibility by examining to what extent a history of maternal anxiety relates to the ERN magnitude in older children and adolescents. It is also possible that the association between maternal anxiety and a reduced ERN in young children is related to the fact that maternal anxiety is a risk factor for the development of a wide variety of psychopathology, including externalizing disorders and depression ([@bib0035], [@bib0040], [@bib0310]), which have been associated with a blunted ERN ([@bib0185], [@bib0235]).

2. Conclusions and future directions {#sec0050}
====================================

Overall, results from the studies reviewed confirm that the ERN is associated with anxiety in children and adolescents. Children and adolescents with clinical anxiety disorders were consistently characterized by an increased ERN, across different developmental stages and using different tasks to elicit the ERN. However, normative variation in anxiety symptoms and temperamental behavioral inhibition and fear displayed a relationship with the ERN that changed from early to late childhood. While the ERN appears to be blunted in anxious young children, the ERN is increased in anxious older children and adolescents. We conceptualized this pattern in the context of the changing expression of normative fear from externally focused stimuli in early childhood to internally generated threat in later childhood. Moreover, younger children with *clinical* anxiety may have already begun to monitor for behavioral competence and are more sensitive to internal threat, thereby displaying an early-emerging increased ERN.

Results from the current review are consistent with the developmental framework outlined above. The studies reviewed indicate that the relationship between the ERN and normative anxiety symptoms may change during the transition from early to late childhood. We hypothesize that this change is related to the changing phenomenology of fear during this time. However, future work is needed to confirm this proposition. For example, self-report measures that assess specific fears may be used to examine these trajectories. It is possible that anxious young children characterized by a decreased ERN would report fears related to the dark or strangers, whereas these same children may report fears related to evaluation and performance later in childhood that would co-occur with an increase in the ERN. Future work could also utilize other neural measures to investigate this possibility − for example, measuring neural reactivity to different types of threatening images to examine whether children become more or less reactive to specific types of threats and whether this tracks the normative development of the ERN.

It is also important to consider potential neurodevelopmental factors that may underlie the developmental shift in the ERN/anxiety relationship. One factor to consider is the differential development of the rostral and dorsal ACC. For example, one study found that rostral ACC activity varied as a function of age, whereas dorsal ACC activity was only found in adults ([@bib0470]), suggesting that the ratio of dorsal to rostral ACC may change across development. Given some evidence that hypoactive rostral ACC activity is associated with anxiety ([@bib0010], [@bib0125]), this changing ratio of dorsal to rostral ACC activity may relate to the developmental shift in the ERN/anxiety relationship. Additionally, findings from a recent study suggest that while error-related activity in the PCC increases linearly across development, so does activity in the insula and orbiotofrontal cortex − both of which have been associated with interceptive processing ([@bib0025], [@bib0080], [@bib0115]). It is possible that developmental changes in these neural networks underlie the developmental shift observed in the ERN/anxiety relationship. Future studies utilizing fMRI are needed to investigate these possibilities.

Results from the current review also suggested that the relationship between the ERN and anxiety demonstrates specificity in developmental populations. For example, the ERN appears to be blunted in depressed children and in children at risk for depression. Furthermore, when both anxiety and depression symptoms are entered simultaneously predicting the ERN, they have opposing effects, such that depression symptoms relate to a decreased ERN and anxiety symptoms relate to an increased ERN ([@bib0505]). While the relationship between anxiety symptoms and the ERN seem to shift across development, in this study, the relationship between depression symptoms and the ERN does not. Future studies are needed to confirm this pattern. Additionally, when all anxiety symptoms are compared, checking behavior appears to have the most robust relationship with the ERN in adolescents − suggesting the ERN may index a transdiagnostic phenotype related to checking.

The ERN magnitude is related to a variety of risk markers for anxiety in children and adolescents − including aversive startle potentiation. Future work should explore to what extent the ERN relates to other correlates of anxiety (e.g., pupil dilation, skin conductance, heart rate, corrugator activity, attentional bias to threat, etc.) with the aim of creating a biosignature of risk factors that may best predict the onset of anxiety disorders across development. Using a latent variable approach − creating a measure of the overlapping variance between multiple measures of threat sensitivity --- may improve our predictive ability. In light of the fact that the ERN relates to other psychophysiological measures of threat sensitivity in children, it may be useful in the context of a *psychoneurometric* approach ([@bib0520]). This approach entails combining multiple physiological indicators as well as scale measures to form a composite psychoneurometric index of a trait in order to improve conceptualization and operationalization of psychopathology.

It should be noted that one limitation of the current review is that many of the studies included were derived from only a few laboratories. Future studies should be conducted across multiple laboratories. Additionally, given the tasks utilized by the studies included in the current review, it is not possible to determine whether anxious or older children are: 1.) better at detecting they made an error versus 2.) are more reactive to having made an error.

An important future direction is examining to what extent the ERN can be leveraged as a diagnostic tool in clinic or school settings. The low cost of collecting EEG data, combined with the relatively low level of training required to administer the EEG assessments makes this a feasible measure for applied settings. Additionally, collecting EEG data from a child or adolescent can take less than 15 min, making this measure both affordable and time-efficient ([@bib0055]). Future work is needed to determine developmentally appropriate clinical cutoff scores and norms, as well as standardized tasks, for this assessment to be integrated into clinic and school settings. For example, the current model suggests that early childhood may be the optimal time to use the ERN to identify children at-risk for anxiety − such that young children high in anxiety symptoms *and displaying an increased ERN* may be particularly at risk. Future work is needed to explore this possibility.

In addition to using the ERN as a diagnostic tool in developmental populations, it may also serve as a *target* of treatment. Given the fact that the ERN is elevated early in the course of development, *before anxiety symptoms become impairing*, it is critical to identify factors that may modify the ERN early in life − so as to prevent the onset of clinical anxiety. Indeed, although ERN magnitude seems to be moderately heritable ([@bib0020]), a large portion of variance is unaccounted for by genetic influences (between 40 and 60%) and is better accounted for by environmental factors. Work in the lab indicates that the ERN is increased when errors are punished ([@bib0410]), and this effect persists after punishment ends. Thus, learning-related experiences surrounding error commission seem to impact the ERN. Extending these findings, we recently found that harsh or punishing parenting styles are related to an increased ERN in young children, and the magnitude of the ERN mediated the relationship between harsh parenting styles and anxiety disorders in children (Meyer et al., 2014). The relationship between the ERN and harsh parenting has also been found in even younger children ([@bib0060]). Future studies should determine if intervention strategies focusing on parenting styles may impact children's ERNs and thereby risk for anxiety.

Recent work has also begun to examine the extent to which behavioral and cognitive interventions may impact the ERN in children and adolescents. In one study, participants who completed an attention bias modification (ABM) program designed to train participants to disengage their attention away from threatening stimuli and increase their attention towards neutral or positive stimuli, displayed a reduced ERN ([@bib0390]). However, it should be noted that this study did not include pre/post measures of the ERN. Ongoing research as part of a large, longitudinal study is currently examining whether multiple sessions of ABM training can reduce the ERN and risk for anxiety disorders in adolescent females. Future work should examine novel methods of targeting the ERN early in development and examine to what extent reducing the ERN can modulate risk for anxiety in children and adolescents.

Conflict of Interest {#sec0055}
====================

None.

The ERN is commonly measured using: the flankers task (participants press a button depending on the direction of the center arrow, while ignoring the direction of the flanking arrows), the go/no-go task (participants must withhold a response on "no-go" trials), and the Stroop task (participants must press a button depending on the color of a word, while ignoring the text). For a comparison of tasks, see: [@bib0320], [@bib0325]; [@bib0415].

However, it should be noted that the ACC has been observed to be involved in processes other than error processing ([@bib0070], [@bib0135], [@bib0290], [@bib0475]).

Clinical diagnoses were assessed using the following interviews: the schedule for affective disorders and schizophrenia for school-age children (i.e., K-SADS-PL; [@bib0205]) and the preschool age psychiatric assessment (i.e., PAPA; [@bib0140]).

Anxiety symptoms were measured with the following assessments: the screen for child anxiety related emotional disorders (i.e., SCARED; [@bib0045]), the child behavior checklist (i.e., CBCL; [@bib0005]), the inventory of depression and anxiety symptoms (i.e., IDAS; [@bib0480]), the revised child and anxiety and depression scales (i.e., RCADS; [@bib0100]), and the Yale-Brown obsessive-compulsive scale (i.e., Y-BOCS; [@bib0170]).
